Electrical discharges in water have been studied for more than thirty years and during that time, significant progress has been made on the understanding and characterization of basic processes taking place in the water. The main molecular species formed by pulsed discharge in water are hydrogen, hydrogen peroxide and oxygen, although oxidative (hydroxyl radical) and reductive radicals (superoxide radical anion) that are produced by the discharge are responsible for the degradation of molecules. Streamer electrical discharge in water has been studied by numerous investigators and overall reactor design and pollutant degradation efficiency has been optimized. Our research group opened a new direction in plasma applications by conducting electrical discharges in relatively polar organic liquids. In that manner, we were able to produce Diamond-Like Carbon (DLC) film on the tip of a high voltage electrode by the electrical discharges in acetonitrile and dimethyl sulfoxide. We also studied electrical discharges in ionic liquids and above the ionic liquid surface, a new generation of solvents that are gaining more interest in both fundamental and applied research. The results indicated that the discharge inside the ionic liquid is destructive and leads to polymerization, whereas the discharge above the liquid surface is less destructive and could find possible applications.
INTRODUCTION
Electrohydraulic discharges, or pulsed corona-like discharges, can be divided into three categories: Pulsed streamer corona-like discharges, glow discharges, and arc discharges. One unique feature of the pulsed streamer corona discharge is that it uses a very short pulse width (approximately 200ns). This characteristic produces a corona that differs significantly from normal continuous discharge (DC corona), AC discharge, and long pulse corona discharge. One very important consequence of the brief duration of the pulse is that it minimizes power wasted on ion migration because the mobility of ions is much less than that of electrons. Discharges in water differ from those in the gas phase since water is a polar liquid with a high conductivity. The discharges and chemical reactions in water are fairly complicated, however, there are similarities between gas and liquid discharges, such as the formation of streamers, high temperature conductive channels that consist of electrons and ions, which occur as precursors to water breakdown. In the corona discharge in water where both high voltage and ground electrode are placed in the liquid phase, point-to-plane geometry has most typically been studied. In that geometry, the needle used as point electrode is connected to the high voltage and the plane is grounded. When a sufficiently high pulsed, high voltage (positive or negative polarity) is applied to the point, a streamer channel is formed [1] . It has been demonstrated that pulsed high voltage discharges generated directly in water initiate a variety of physical and chemical processes, such as ultraviolet radiation, shock waves, and formation of chemically active species. Emission spectroscopy measurements have shown that the primary species created by the water discharge are hydroxyl, hydroperoxyl, oxygen and hydrogen radicals. Direct chemical measurements reveal the presence of hydrogen peroxide, hydrogen and oxygen. Electrical discharges in water produced by pulsed high voltage have been known to degrade various chemicals, such as phenols [2, 3] polychlorinated biphenyls [4] , aniline [5] and monochlorophenols [6, 7] . In all of these studies, it has been shown that the species responsible for the degradation of molecules is the hydroxyl radical. This is because the hydroxyl radical is a very powerful, non-selective oxidant that has the oxidation potential to completely oxidize organics to carbon dioxide and water. The hydroxyl radical is so reactive that it will react with virtually any organic in the solution.
2. REVIEW OF THE LIQUID-PHASE PLASMA CHEMISTRY 2.1 Active species formed by a discharge One of the first studies on chemical and radical production in the liquid phase was conducted by Clements et al. [8] using a pulsed streamer corona discharge generated with a point-to-plane electrode configuration. They recorded the emission spectra of the discharge at +20kV, detecting the H and OH radicals. By observing the effect of conductivity on the radical density, they found that the emission intensity of atomic hydrogen decreased with increasing water conductivity. On the other hand, the OH radical intensity went through a maximum and then decreased. Sun et al. [9] also observed the formation of the stable, long-lived
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species: hydrogen peroxide. Experiments showed that hydrogen peroxide is the only species generated in significant amounts, and that its concentration increased linearly with increasing total pulse energy. These results indicated that the hydrogen peroxide was generated by the recombination of OH radicals and not by electrolytic reaction of dissolved oxygen on the negative electrode. They also used emission spectroscopy analysis to identify hydroxyl radicals and atomic oxygen produced by pulsed streamer discharge. Joshi et al. [10] measured the rates of formation of hydrogen peroxide by direct chemical measurements and hydroxyl radicals by indirect chemical methods in a pulsed corona discharge reactor with point-toplane electrode geometry. Sahni et al. [11] used two different chemical probes (dimethyl sulfoxide and disodium salt of therephtalic acid) to accurately quantify the hydroxyl radicals production in a pulsed electrical discharge. He found zero order rates of OH radicals formation for both probes. Also, for the first time these experiments indicated that in the underwater electrical discharge the hydroxyl radicals are precursors to hydrogen peroxide formation.
Bulk liquid-phase chemistry
As mentioned, pulsed corona discharge in water produces streamers and high energy electrons which are capable of dissociating and/or ionizing water molecules. Therefore, the primary species formed when a water molecule is dissociated are hydroxyl and hydrogen radicals. After being formed in a streamer, these and other radical species either react with each other to form product molecules, such as hydrogen and hydrogen peroxide, or diffuse away from each other to react with solutes. Parameters such as solution composition, applied voltage, pH and conductivity play an important role in streamer formation and radical concentration. Joshi et al. [10] determined the initiation reaction rate constants for the formation of hydroxyl radicals and hydrogen peroxide in a pulsed streamer corona discharge. It was found that both rates were zero order, and that the reaction rate constants depended upon the magnitude of the applied electric field. A mathematical model that was developed on the basis of radiation chemistry reactions predicted that water discharge produced a significant quantity of both hydroxyl radicals and hydrogen peroxide. Grymonpre et al. [12] investigated the role of Fenton's reaction in phenol removal. A mathematical model including approximately 30 chemical species was developed using rate constants obtained from the radiation chemistry literature and the literature on Fenton chemistry. The model was able to predict phenol degradation and pH change for a wide variety of initial phenol and iron concentrations. Nevertheless, this model was accurate only for low conductivity solutions. Grymonpre et al. [13] and Lukes [14] measured the rate of formation of hydrogen peroxide as a function of solution conductivity and applied voltage. The reactor used for those experiments had both high-voltage and ground electrodes placed in the liquid phase. It was found that the rate of formation decreased with increasing solution conductivity and increased with applied voltage. Kirkpatrick and Locke [15] measured the rates of molecular hydrogen, molecular oxygen and hydrogen peroxide formation in a pulsed positive point-to-plane electrical discharge in water. It was found that for various solution conductivity values, applied voltage, and discharge power, the molar rate of hydrogen production was twice that of hydrogen peroxide. The rate of oxygen production was found to be approximately 20-25% that of hydrogen peroxide. The overall stoichiometry of molecular active species formed by pulsed corona liquid discharge in water follows the overall stoichiometry represented by reaction (1) . The same work showed that the stoichiometry of reaction (1) was followed regardless of changing conditions, such as discharge power or solution conductivity.
(1)
After several previous attempts [12, 16] to describe chemical reactions taking place inside the plasma channel, Mededovic and Locke [17] developed more realistic model that considered the pulsed nature of the discharge and took into account temperature dependent chemical reactions.
Regarding the pulsed nature of the discharge, the model assumed that when the pulse is on (duration of several hundred microseconds), chemical reactions take place in the discharge channel. After the pulse, all the molecules that were formed in the streamer mix into the bulk of the solution. The discharge channel is divided into two zones: the core and the recombination region. The core is formed very quickly and it exists for about 20ns, after which it dissipates to form the recombination zone. The core is a very narrow (c.a.,10 m) part of the channel where high temperature (5000K) initiation reactions take place and where the majority of molecular hydrogen and oxygen are formed. The model predicted that, in the core, hydrogen is formed according to: (2) and oxygen is produced in the core by the following reactions:
(3) (4) whereas no hydrogen peroxide is formed at such high temperatures. The recombination region is a cooler, 200 m radius zone where additional reactions, such as hydrogen peroxide formation, take place. Analysis of the recombination region model confirmed that the recombination of hydroxyl radicals is the major pathway to hydrogen peroxide formation according to:
Although 47% of the molecular oxygen is formed in the core, the model predicts that two pathways are linked to oxygen formation in the recombination zone and both depend on the initial hydroxyl radical formation:
Pathway 1:
Pathway 2:
The contribution of pathway 1 is around 20% and that of pathway 2 is 33% to the total oxygen concentration found at the end of the pulse. As in the case of oxygen, the majority of hydrogen is formed in the core at high temperature via recombination of hydrogen atoms. It was calculated that in the recombination region the reaction that contributes 21% of total hydrogen concentration found at the end of the pulse is: (10) Overall, the model simulated the experimentally measured values of molecular hydrogen, oxygen, hydrogen peroxide, and hydroxyl radicals very closely [11, 15] .
In this study, experiments that represent advances in the liquid-phase electrical discharges will be presented. These experiments include discharges in organic solvents, ionic liquid and water. Electrical discharges in organic solvents can be used to produce diamond-like carbon films and to synthesize ammonia. Discharges in ionic liquids could have practical applications where water solvents are not suitable. The work that is presented here on the negative polarity electrical discharge in water deals with the fundamental processes of the electrical discharge.
3. EXPERIMENTAL General reactor configuration used for the experiments in this study is shown in Fig. 1 . The point high-voltage electrode was a stainless steel needle (diameter=0.6mm) and the planar ground electrode was made from stainless steel. Both electrodes were immersed in water or organic liquid and separated by a distance of 15mm. The point electrode was electrically connected to the output from the spark gap power supply and the stainless ground electrode was attached to ground. 
RECENT ADVANCEMENTS IN THE LIQUID-
and the work presented in this study focuses on the diamond-like carbon (DLC) synthesis, and ammonia synthesis. DLC is an amorphous hard carbon containing a significant fraction of sp 3 bonds to which films can contain a significant amount of hydrogen. Depending on the deposition conditions, these films can be fully amorphous or contain diamond crystallites. DLC films can have a high mechanical hardness, chemical inertness and optical transparency. They have widespread applications as protective coatings in areas such as optical windows, magnetic storage disks, car parts, and as microelectromechanical devices. Thagard et al. [18] was the first to deposit DLC films by pulsed electrical discharge in different organic liquids. Four different organic liquids were studied: acetone, methanol, acetonitrile and dimethyl sulfoxide (DMSO). The DLC films were deposited on tungsten high voltage wire by operating in both streamer and spark mode. The results revealed that in the streamer mode, DLC films could be deposited only from acetonitrile and DMSO. In spark discharge mode, additionally to acetonitrile and DMSO, DLC films can also be deposited from acetone. Fig. 2 shows the Raman spectra of the films formed on the tip of the tungsten needle by a streamer discharge in acetonitrile and DMSO, respectively. 
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It can be seen from the same figure that both spectra contain two bands located at 1375 cm -1 and 1590 cm -1 . The two bands represent so-called Raman G and D bands, respectively. The G band represents a graphite-like layer of sp 2 carbon in the film while the presence of the D band is caused by a bond angle disorder in the graphite-like film due to the linking of sp 3 carbon atoms.
Ammonia production
As mentioned, when conducted in medium other then water, electrical discharge can be used to synthesize ammonia. Ammonia is regularly used to reduce nitrogen oxides, such as those from car exhaust. It dissociates inside plasma to form active radicals that then reduce gas phase nitrogen and nitrous oxides to nitrogen and participate in the overall gas cleaning. Currently, ammonia that is used for car exhaust gas treatment is produced by thermal decomposition of urea. The disadvantage of using urea lies in its consistency; it is a solid and needs to be transported in large quantities. Therefore, an alternative method for ammonia production that could be implemented in cars is of technological importance. Thagard et al. [19] found that when electrical discharge takes place in the acetonitrile water mixture with the pointto-plane electrode geometry, approximately 50mg/L of ammonium ions can be formed after 1h, indicating that acetonitrile could be a useful source of ammonia, especially for the gas treatment. Fig. 3 shows the ammonium production from 5% water in acetonitrile mixture. Ammonia is formed by electrical discharge in the acetonitrile-water solution according to the following reactions:
The final reaction byproducts are fumaric, succinic and maleic acid and no toxic gases, such as HCN, are formed. Because of its many uses, ammonia is one of the most highly produced inorganic chemicals in the world. Industrial scale ammonia production is a rather complex process where the modification of any of manufacturing steps could significantly lower the operative costs and simplify the procedure in general. Thagard et al. [19] in another experiment tested a possibility of forming ammonia from methanol and nitrogen in the point-to-plane electrode configuration. Fig. 3 shows the ammonia production from methanol and nitrogen. In that experiment, nitrogen or air was bubbled into 10% methanol in a water solution reactor at 100mL/min. The primary reactions taking place when methanol decomposes in an electrical discharge are: Hydroxyl radicals are not reacting with nitrogen atoms due to the fast reaction with methanol. Also, Fig. 3 shows that ammonia production decreases when nitrogen is substituted with air. This is probably due to the scavenging of nitrogen atoms by oxygen. Gas phase by-products of this experiment were not measured, but the strong smell of ammonia or a related compound such as N 2 H 4 was detected. Fig. 3 . The production of ammonium ions by electrical discharge in acetonitrile-water, nitrogen-methanol-water and air-methanol-water mixture.
Electrical discharge in ionic liquids
Ionic liquids are organic salts that happen to have the characteristic of a low melting point. The main difference between conventional molten salts and ionic liquids is that ionic liquids contain organic cations rather than inorganic ones. Ionic liquids contain large organic cations and inorganic anions and exhibit some unique physical properties, such as negligible vapor pressure, high ionic conductivity, low viscosity and high thermal stability. The melting temperature of these liquids is around 100 o C but there are also ionic liquids that are in the liquid state at room temperature. Room temperature ionic liquids contain organic cations, such as quaternary ammonium, phosphonium, pyridinium, and imidazolium salt. Our research group performed electrical discharge in tetrabutylammonium bromide with a point-to-plane electrode configuration. Tetrabutylammonium bromide is a solid with a melting point of 120 o C so the experiments were performed on a heater at that temperature. After several minutes from the beginning of the experiment, the liquid, which was originally yellow in color, started to turn dark brown. The color transition was accompanied by vigorous bubbles evolution from the streamers. Finally, the solution turned dark brown-yellow in color and the high voltage needle contained black solid mass indicating that some type of polymerization took place. Since most ionic liquids are non-volatile, the upper temperature limit at which the decomposition starts to take place is usually determined by the thermal decomposition temperature of the ionic liquid. In contrast to molten salts, which form tight ion-pairs in the vapor phase, the reduced Coulombic interactions between ions restrict the ion-pair formation required for volatilization of salts, producing low vapor pressures. This gives rise to high upper temperature limits, defined by decomposition of the ionic liquid rather than by vaporization. Pyrolysis generally occurs between 350-450 °C if no other lower temperature decomposition pathways are accessible [20] . It is clear that, in our experiments, thermal decomposition took place, indicating that temperature inside plasma is higher than the boiling point of ionic liquid, tetrabutylammonium bromide. It is interesting to mention that the ionic liquids with even higher boiling points could be used to study temperatures inside plasma channels.
When we performed electrical discharge above the ionic liquid surface in argon atmosphere with the ground electrode inside the liquid, the decomposition was suppressed. One interesting use of electrical discharge above the liquid surface lies in the reduction of metal ions. When we mixed copper sulfate or silver nitrate with ionic liquid and the discharge took place above the water surface, we were able to deposit metallic copper and metallic silver, respectively. This technique could be used for the reduction of ions that produce metals that react violently with water, such as ones from the alkali group.
Negative polarity electrical discharge in water
The measurement of hydrogen peroxide that is produced by the electrical discharge represents an easy way to get an insight into the processes that take place at the gas-liquid interface. It is known that hydroxyl radicals are precursors to hydrogen peroxide formation. Therefore, by measuring its concentration, one can get an insight into the processes that take place when water molecules dissociate in the high temperature plasma zone. Although there are several studies that reported hydrogen peroxide measurements in positive polarity electrical discharge in water, there are only a few that report the same measurements for the negative electrode polarity. Lukes [14] , for example, reported that the H 2 O 2 production in negative polarity was less than half that of the positive polarity and no explanation for the observed result was given. In the study done by Thagard et al. [21] , the hydrogen peroxide formation was measured for the negative and positive high voltage polarities as a function of low and high solution conductivity. Fig. 4 (a) shows the results for the hydrogen peroxide formations with positive electrode polarity. It was observed that for the positive electrode polarity and phosphoric acid electrolyte, the hydrogen peroxide concentration increases with an increase in conductivity. When the same experiment was repeated with NaOH electrolyte and conductivity was increased, there was a significant drop in hydrogen peroxide production. It was assumed that in the positive polarity HV electrode under water, the mechanism of OH radicals formation is similar to glow discharge electrolysis, and the main reaction in which OH radicals are formed is a charge transfer reaction between water cation H 2 O .+ and neutral water molecules at the ionization boundary. Electrolytes that are present in the bulk and that react with OH radicals enter the so-called primary zone which divides the high temperature ionization zone and bulk solution and scavenge OH radicals where the extent of scavenging depends on the electrolyte concentration. When the solution pH value was high as in the case of 2mS/cm NaOH in Fig. 4 (a) The effect of aqueous electrolytes on hydrogen peroxide formation in negative polarity electrical discharge under water is shown in Fig. 4 (b) . When electrical discharge of negative polarity takes place under water, the main reactions in which OH radicals are formed are either dissociative electron attachment or electron impact of water molecules. When high concentrations of hydronium ions are present in the bulk, such as in the case of 2mS/cm H 3 PO 4 in Fig. 4 (b) , these electrons are scavenged and H 2 O 2 production decreases. In the same way, high concentrations of NaOH (2mS/cm) scavenge OH radicals, which again leads to the decreased production of hydrogen peroxide. We assumed that, in the case of positive polarity discharge, the majority of OH radicals are formed at the ionization boundary where there is the highest voltage drop, diffusing a very short distance from the bulk. In the case of negative electrical discharge, OH radicals are continuously being produced in the primary zone as electrons are passing through it. Finally, hydrogen peroxide is continuously being produced througout the primary zone following the formation pattern of OH radicals, and hydrogen peroxide reaches the bulk boundary where it enters the solution together with molecular hydrogen, molecular oxygen and radical species. The experiment with silver ions proved the existance of aqueous electrons in the negative polarity electrical discharge in water. At pH=8, a high concentration of silver nitrate was placed in the reactor. As soon as the experiment started, grey elementary silver was deposited around the streamers. At this pH, it is possible that all H radicals are not scavenged by OH -ions, and in that case, they also react with silver ions to form elementary silver. But when the same experiment was repeated at low pH=3 (H 3 PO 4 +AgNO 3 ) no deposition of silver was observed. This result is in agreement with proposed reactions that at low pH in which H + ions scavenge e -but have no reactivity towards H radicals. Therefore, if H radicals were reducing silver ions, the reaction would have also take place at pH=3.
CONCLUSIONS
Pulsed electrical discharge in water usually produces one plasma channel per pulse. Once created, the plasma channel consists of two zones: the high temperature core and the lower temperature recombination zone. The core is located in the center of the discharge channel and exists for about 20ns after which it dissipates and forms the recombination zone. The lifetime of the recombination zone is around 20 s. The main reaction, which is a dissociation of water vapor into the hydrogen and hydroxyl radicals, takes place in the core, while the majority of recombination reactions take place in the cooler, recombination zone. The majority of molecular hydrogen is formed in the core by the recombination of hydrogen radicals. Also, a majority of molecular oxygen is also formed in the core by the reaction of oxygen atoms and hydroxyl radicals and not by recombination of oxygen radicals, due to their low concentration. Hydrogen peroxide is formed in the recombination zone from the hydroxyl radicals. Electrical discharges in solvents other than water have numerous applications. DLC films can be deposited on the high voltage needle by conducting an electrical discharge in acetone, acetonitrile or dimethyl sulfoxide. Ammonium ions can be produced by the electrical discharge in 5% acetonitrile in water mixture by the hydroxyl radicals attack. For the larger scale ammonia production, electrical discharge in 10% methanol-water mixture with the nitrogen bubbling through the high voltage electrode was proposed. Nitrogen that dissociates in the discharge reacts with the hydrogen, produced by the methanol decomposition to form ammonia. Electrical discharges in ionic liquids are not possible due to the high temperature decomposition of the liquid. This property of ionic liquid can be used to study the temperatures inside plasma. When the discharge takes place above the liquid, the destruction is suppressed and metal ions can be reduced. Negative polarity electrical discharge in water differs from the positive polarity discharges. Hydrogen peroxide measurements revealed that the H 2 O 2 production strongly depends on the electrode polarity, where negative voltage polarity leads to the lower H 2 O 2 production. The difference in hydrogen peroxide production between positive and negative electrode polarity lies in the initial mechanisms of water dissociation, which are electron impact dissociation for the positive polarity and electron attachment for the negative polarity. The water dissociation in negative electrode polarity is accompanied by the production of aqueous electrons.
